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Sommary; Combinatorial chemislry is now considered W ODe of Ihc most important 
feceni advances in medicinal chemistry. There are fjve general approaches in 
combinatorial peptide library methods: biological libraries; spatially addressablt paraJId 
solid phase or soJutian phase libraries; synthetic library methods requiring 
decortvolution: Ihc 'onc^bcad one-compound' library method; and synihelic library 
methods using affinity chromaiography selection. Except for the biological library 
approach, which is limited to peptide libraries with eukaryotic ammo adds, all the other 
four synthetic approaches are applicable to peptide, nOn-pcptidc oligomer or small 
molecule libraries;. Although non-peptide or small molecule libraries arc generally 
prepared by a synthetic approach^ fcccqL advances in biosynthctic methods using 
enzymes may enable om to prepare Chemical libraries that are otherwise difficult 10 
synthesize chemically. In the 'one-bead one-compound' library method every member of 
the Ubrarjr is screened in parallel, but the chemical structure of the positive 
compound-bead has to be dclcrmined either directly or via an encoding strategy. A 
reliable high-throughput biological assay is needed for a successful combinaiorial library 
screen. Sohd-phase binding or functional assaj-s as well as solution phase assays have 
been used successfully in various ljl>rar>' methods. There has been enormous progress in 
The technological advances of molecular biology and the fundamental understanding of 
the molecular basis of cancer in recent years. By applying combinatorial chemistry and 
computational chemistry to the many cancer largcls that have recently been idenlified, it 
is hopeful that more potent, more specific and less !o;^ic anti-cancer agenis will be 
developed in the foreseeable future. In addition to being a great tool for drug discovery, 
combinatorial chemistry has also proven to be invaluable in basic research. A few specific 
examples of the applications of combinatorial chemistry in basic cancer research and 
drug discovery are described in this mini-review. 
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Introductfon 

In traditional drug discovery, complex niixiurcs of natural products such as plant and 
ammal extraccs. fefmentation broth or large collections of synthetic compounds are 
screened for a specific biological property. In the case of natural products, purification and 
KlenliHcation ot an active component often require several years of work. Several important 
anti-cancer agents cuaenily being used in the clinic, such as taxol. bleomycin, vincrisiinc, 
vinblastine, etopgside and doxorubicin, are in fact isolated from naturaJ products In the last 
few years an errerging technology known as combinatorial chemistry has shown great 
potential m speeding up the drug discovery process. Currenilv, vinually every major 
pharmaceutical company has incorporated or acquired this new technology in their drug 
discovery programs. Combinatorial chemistry is now considered as one of the most 
important recent advances in medicinal chemistry (Gallop et ai, 1994; Gordon ct al, 1994* 
Lam & Lebl, 1996; Thompson & Ellman, 1996). Not only can combinatorial librar)) 
methods be used to generate new leads for a spcdfic target; they can also be used as a 



T^ble I Milestones in combinatonal chemistry 



Year 



1954 
1985 
1986 
1986^90 

m% 

1990 
1990 

1991 

199) 
1992 
1992-3 



Re/ercjtccs 



Limited peptide library with the multi-pin 
technology 

Limited peptide library using the tea-bag 

Iterative approach on solid phase pepdde 
library screening uaing the tnulii-pin system 
Development of polynucleotide library 
methods 



(Geyscn tff/ii,l9$4) 

(Houghten, 1985) 

(Geyscn c; a/., 1986) 

(Horwilz & Loeb, I9S6; Oliphant 01 al, 
1986; Joyce, 1959; DIackwelJ & Wrintraub, 
1990: Emngton & Szosiak, 1990; Pollock 
ATVeisman. 1990) 
(FurJca ct al., 1988a,b) 



Introduction of the *$plii synthesis' 
method on synthesizing a limited library 
of solution peptides 
Light-diicctcd parallel peptide synthesis of (Kodorer al., 1991) 
a library of 1024 peptides on chip 

Successful application of the filamentous (Cwirla et al, 1990; Devlin ct aL 1990; 
phage displayed peptide library method on Scott & Smith, 1990) 
a huge library of peptides 
Introduction of the *one-bcad 
one^compound' concept, and successful 
application of this concept to a huge 
head-bound peptide library 
Successfu] application of the iterative 
approach on a huge solution phase peptide 
library 

Synthesis of a limited (Bunin & fillman, 1992) 

bcnzodiazfipine-bascd smaJI molecule 

library 

Development of encoding methods for the (Brenner & Lcracr, 1992; Kerr ci aL, 1993, 
*one-bead one-compouad' non-peptidc Necdds ci al, 1993; Nikolai aL. 1993- 
'i^'^ry Ohlmcyer et aL, 1993) 



(Lamer 0/.. J991) 



(Hought«n eiaJ., 1991) 
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LS'JiwJr^'*'" """^^f to optimize the initial Icad^ Combinatorial library method, 
mvolye (i) the generation of a large number of compounds by randomly joininc v^ou^ 
b^' c^l^^^^^^ together (n) a high throughput sc^ee^g method by vSl^TZlT^ 

compound by a d^onvolution method, by direct chemical analysis or by analysis of the 
^L^^ilr^^r^^^^ ^ ^^^^-ry ar^ 

Most medicinal chemists believe that a drag ought to be a small molecule as larger 
moieties often arc neither orally active aor abJc to cross ceUuIar membranes ThcrefoTe: 
iTht^r^^^fT''^^ companies have focmed their cfTorte on developing small molecule 
ZJ^T t?^ -heimstxy Although orally active drugs are. in genei^. more useful, one 
t^r^ tr l"""^^ that almost all anci«nc«r chemotherapeutic agents given today are 
admmi tered j.v. even chough some of these dnigs arc available in oral form. For some 
ex tracellulaf targets, larger Jigands derived from combinatorial peptide libraries, 
polynucleotide hbranes or other synthetic oligomeric libraries may Sometimes be preferable! 
For >n5taTi<^ a synthetic goradot^ iTcurreStiy 
being mcd in the clinic as one of the most important anti.prostate cancer agents Goser^Un 
IS a synthetic do«ipcpndc (moL wi 1269) administered ^c. in a depot form with continuous 
n^l^se over a 28 day period- Compliance with this drug is not a problem as it is adm mistered 
m the climc on« a month and is probably preferable to an oral form with a multiple dosing 
schedule each day. Various types of combiQatoria! libraries are summarized in Figure 1 
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Figurt 1 DilTcnmi types of combinaiorial libraries. 
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Table U Combinatorial peptide library methods* 

1. Biological libraries 

Filamentous phage 

Plasmid 

Polysome 

2. spatially addressable paraJ Id solid phase or solution phase 
library 

Multi-pin technology 
SPOTs-manbrane 

Light-directed peptide syiithcsis on chips 
Diversomcr technology 

3. Synthetic library niethods requiring deconvolution 

Iterative approach 
Positional scanning 
Recursive deconvolution 
Ortho^onaJ pariicion approach 

4. 'One'bead otie-oompound' library method 

5. Synthetic libnlry method using afntiity cbfOtnaiOEraDhy 
selection • *- ' 



Except jot the biological libraiy approach, which is Jimited lo peptide Ubrarics 
with eiik4ir>x)tic amino a^id*. all the othef Fonr synthetic approachw are 
applicable Eo ptptide. non-peptide oligomer or sroall molecule libraries 



thi^raini-reviciv i dQ-not aticmprt ^^e subject Instead I 

would hke to give an overview on the various approaches of the combmatorial library 
methods with emphasis on peptide, noti-peptidtc oligomeric and small organic Ubraries, and 
give a few specific examples on the applications of combinatorial library methods in basic 
cancer research and drug discovery. 



Peptide libraries 



As indicated in Table I, the combinatorial library Held was created when the first limited 
peptide Library was synthesized (Geysen at aL, 1984). Initially, only hundreds to a few 
thousands of peptides could be synthesized and screened, la 1990 and 1991 three totallv 
different combinatoruil library methods were introduced: (i) the niamentous phage 

S^.""! ^^""^^ ^'^'^"^ ""'^^^^ f^^'^ ^^^^^ Devlin e: aL, 1990; Scott & Smith 
1990); (11) Iterative approach to a solution phase peptide library (Houghten er aL, ]991)' and 
O^ihe <3nc-bead one-compound' combinatorial peptide library method (Lam et aL, 1991) 
f.^"^''^!''^'' to rapidly prepare and screen millions of random peptidek SiiKc 
then, the field of synthetic combmatorial chemistry has exploded as many of die underlvinir 
L^'inS'l'';^ ""'"^f*' ^^f T^'''^'' combinatorial peptide library methods can Jdily 
.L?'^ ''"'^*?-u'^'''*' ^'^'^'^ Currently, there arc five general approaches in 

corabin;Ltonal peptide hbrary methods (Table 11) (Lam. 1995, 1996). 

Biotogica! Hhraries 

In 1988 Parmley & Sniith propo«d the of filamentous phage to display a random 
ol.gopcpt.dc on the am.no icnninus of the vin.1 pIII ,oat proteia tL ^a. S!oLplS.7d ^ 
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^h\S*Ji%"'i*,r'''**^"°'*°"' 'J^'^yo'ifioi^iickotide into the pIII gene of filamentous 
™« ? ^IJP' ^"^ application of thii apMoach S 

geEeraung millions of random peptides from which specific figands against mSSnS 

isolated. S-nce then numerous groups have applied th«e techniques in idemiTying pepuS 
for vanpus molecular tarjets Subsequently, related techniques et. expressiS^S S 
hbranes of p asmitk (Schatz. ,nd polysomes (K^w^^ld, 1991) were deSJ 
major advaouge of the biologic approach is that the size of the grafted p^SSis S 

approach eaables one to take advantage of known protein folds (e^g. immSnodobulii. fold 
or conotax.n fold) by gmfting randon, oLgopeptides on such tertiary fold. HoT^ Se 
biological approach in general is limited to the 20 eukaorotic amino acids o'^and 
SK".HV°' T'?"' '"'^ "^^^^^ -to these uS aS'is not 

StTs't^SSS^g^ri^'^' 

Spatially addressable pandlel soUd phase or solution phase library 

to this nrethod the peptides arc synthesized on solid phase support in a spatially addn^sable 
format and the amino acjd sequence of each of the peptides is piedetennined. The synthesis 
and screemng of ihwe hbi^es an: performed in parallel. Depending on the method used, 
scraniag can be performed while the peptides are stiU attached to the solid support (ag a 
bindiog assay), or the peptides can be released from the solid support for solution phase 
assay. The positive peptide can be localized and therefore identified. The advantage of this 
approach is that the chemical structure of the peptides is prcdelennined, and therefore 
subsequent sf uciure determination is not needed. However, the major limitation of this 
method IS that only a limited number of peptides can be synthesized in paraUd and the 
hbniiy IS relauvely smaU. The three techniques based on thb strategy arc as foUows. 

n£ti^J^^-'°^ " grafted acrylic acid onto 

polyethylene p.ns by gamma irradiation. Biological screening was performed by an 

w^V^^'Tm"" ^^^J^-^) the peptide pin. Lat.r. cleavablc hnkeis 

SiS ia^ ^ " • ^^^^^ '° P'P"''" """^"^ ^ ''^^"^ f^^'" pi" for 

SPOTS membnific. Frank (19^2) essentially followed Geysen's strategy except that a 

f'Mn;^^*''f-l'^^'''''''^"'^T'''' '^'''-P'*- f>»dorerfl/. (1991) synthesized minute quantities 
^k<l,i..i??''V, ' °° * P'^'^ "^'"8 3 photolithographic masking prooess with a 

photolabile Na-amino protecting group. Each peptide eccupks a SO x 50 mm ai^^u4 

bLdin I'""onf n1>t?TK ^ ^""^'^^ '^'^^"'^ ''"'^'^S*"' "^'^ ^^^'^cted primary to 
binding, quantitaied by nuoreacent microscopy. This method requires complicated 
instrumentation and is not widely available. Furthermore, the pmetical number of Kp^« 
"^'^^l' 'his method is probably limited (e.g. no mote than 100 COO). 
I he dtversomer technology* first described by DeWitt et al. (1993) and applied t 
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supi 



Slop 9 



Step 4 



400MlxturM 



20Ubctura« 



20UUtur»a 



ZOUbdurM 



SOUlxturttB 



O ^ One of the 20 Biruro sdtte 
X = All 20 BmiriQ nocuporateO 



ooxxxx 

^ Scnan 

IL I ? ? ? ?| 

L I OXXX 
^ Scneen 

IL I G ? ? f| 
L I GOXX 

I 3cn»en 
IL I G A? ?| 

L I GOAX 
^ Screen 

|l I GAN?] 
L I GAMO 

^ Sorean 

IL I G ANDl 



Fisur« 2 Scheme of the iterative appronrh for combinatorial library method that 
requires decoAvolution. (Adapted from Encyclopedia of MoUaJar Biology and 
»ifltec,^.-^ii^£>Vp 520; 0 1956 VGK.jQimVVnj^ ' " 



nod pep tide, nanoligorneric chemical libraries is another variation of the spatially 
addressable parallel library approach and certainly can also be applied to peptide libraries 

Synthetic library method^ requiring <ieconvolutton 

Th^tt methods involve the cyn thesis of a number of peptide mixtures. The composition of 
peptides within each mixture is known. These peptide mixtures arc then screened for a 
specific biological property. From ihe results of the biologic assays; one may be able to 
deduce the structure of the active component. In these methods, isolation of the active 
component for aiructural determinatioa is not needed. The four general deconvolution 
approaches are: (i) iterative approach (Gcysen et al, 1986; Houghten. 1991); (ii) positional 
scanning approach (Dooley & Houghtcn, 1993); (iii) recursive deconvolution Strategy (Erb 
er aL, 1994); and (iv) the orthogonal partition approach pcprcz et al, 1995; Pimi-ng & 
Chen, 1995). 

The iterative approach was fxrst successftiUy applied by Geyscn ef al (1986) in the 
multi-pin system in an on-pi n ELISA assay to define a mimotope for a monoclonal antibody 
directed against a discontinuous epitope on foot-and-mouth disease virus. Later, Houghten 
et ai applied the same iterative strategy in a solution phase assay for various monocbnal 
antibodies (Houghtcn. 1991), opiate receptor (Houghten cf o/., 1992) and anti-bacterial 
activity <Blondelle ei cl, 1995). The overall scheme for ihe iterative approach is summarized 
in Figure 2. In this method, multi-step synthesis and analysis are required for deconvolution. 
For example, in a random hcxapeptide library, one of the 20 amino adds arc incorporated 
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20 mbcturofl 
gf e«ch Screen 

1. oxxxxx— 



2_X0XXXX— *^ 



3. XXOXXX — 



4. X X X O X X — 

5. X X X X O X — - 



6. XXXXXO — - 
Totil, 120 mbeeuru 

Figure 3 Scheme of the positiocal scanniDg approach for com bin atonal librai?. method 



into the first two residues while all 20 amino acids are incorporated into the remainiog four 
residues, i.e. randomization (step I). As a result* 400 mixiurcs of peptide are generated. 
These mixtures arc then screened against a biological function and the mixture with the 
highest activicy is identified. After the first two residues are defined, thc3c two residues arc 
llxcd and one of the 20 amino adds are then incorporated into the third residue while the 
remaining three residues are randomized (step 2). This results in the generation of 20 peptide 
mixtures, which are then screened for biological activity. The third 'active' residue i$ then 
defined and the same iterative process is repeated for three more cycles until the last 'active' 
residue is identified, 

Dooley & Houghten (1993) later jntioducsed a reiaied approach called the 'positional 
scanning method' (Figure 3). In this method, 120 mixtures of hexapeptides arc synthesized 
with one of the 20 amino acids incorporated into one specific residue while all 20 amino 
adds are incorporated into the remaining residues (randomization). The 120 mixtures arc 
then subjected to biologjcai testing. From the results of the ! 20 assays, one can then define 
each 'active' residue; This method h much more efficient than the iterative approach as it is 
a one-step approach and multi-step synthesis and analysis is not needed. However, this 
method assumes that the contribution of each residue to the biological activity is 
indepet^denr of each other. This approach works very well if there is only one predominant 
motif- Jf there arc multiple motifs, one risks the possibility that the results will be scrambled 
and uninterpretable. 

Erb €t ai. (19W) described a recui^vc deconvolution strategy ia which a 'split synthesis' 
method (sec below) is used to generate the hbrary In each synthetic step, a portion of the 
resin from each re action vial is set aside and catalogued. The set-aside resins are then used 
for the synthesis of sublibrarics ai each iterative step. This strategy facilitates the iterative 
approach de^nbed above. 

Two groups (Deprcz^ra/.. 1995; Pirrung & Chen, 1995) reported the orthogonal partition 
approach of deconvolution by synthesizing and screening multiple onhogonal sublibraries. 
In this method, multiple sub libraries arc synthesized. The composition of the subunits of 
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Coupling Ste|» ^ 
A-O 

IJ 

(9 <flpeptldesj 



G-O 



1^ 



v-o 




AA-O 
AG-O 
AV-O 



III 

(27lrlpoptf<tea) I A 



3A-0 
QG-O 
gV-O 



VA-O 
VG-C 
VV-O 



A A A-O 
AAGO 
AAVK> 

AGAo 
AGOO 
AGV-0 

AVA-O 
AVG-O 
AVV-O 



GAA-Q 
GAG-O 
GAV-O 

GGA-O 
GGG-O 
GQV-O 

GVA-O 
GVG-O 
GVVO 



VAA-O 
VAG-O 
VAV-O 

VOAiKJ 
VQG-O 
VGVO 

VVA-O 

VVV^ 



MacMillaa MagazincL) ^'""P"*^ penn,sj,on from AWy. 354, 82. 0m\ 

to .he positional scanning S^Mf tCe a ' m^^^^ Siail^ 
difficult to interpret. ' ""^^ '"""'P''^ ^""^ motifs, the n:sult may be 

'One-tead one-compound' library method 

1991). In the 'spUt synthesis' (Figure 4^ the «,T„lL',!r ' 't*'"'^^?^? I^^'l L«" 

r«ct,on is driven to completion S^SfL^th ^ and the 

partitioned into 20 aliquo.s ag^S foJfhS ^T"^' ""'""^ dcprotccted and 

times untU a peptide with a deSfenS 

one amino acid at each coupling cydf aJd S^i' *^ ^"^ "''^ "^^^ 

result is that every peptide US^l^^^„ 'mT^ J^" to compJeiion. the end 

uniqu-. and identical. A peniapeptiSS In ^fc,^"''^ -j? 

ooupline cycle will have 20^ or 1 ? „ u7 '"corporated into each 

Hbra^ can generally be c^^'eti, r^'l^^Z^SS KS''"^ 
nrst.escr,bedbyLa..«u.l^l.A..^.tXF^--^^^^^ 
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'split synthesis- method for the preparation of a very ^all library fa total of 27 peptide,! 
. ^/ mi '^/bstracts (Furka « I988a.b). they fail.a tc nxogni^^urka 

« a/.. 1991) the '<>ne;^ead one-compound- concept and it$ unportarce in the screening 
strategy (Lam et al., 1991; Lam & Salmon. 1996). ^crecnmg 

Uin « a/. (1 991) applied the 'one-beak one compound' combinatorial peptide library 
method to syntheaze and screen a random peptide bead library of over a miUioii and was 
able to idMtify peptide hgands that bind to an anti-P-endorphin monoclonal antibody or 
streptavjdm An enzyme-linked coloiimetric assay was used to screen the peptide bead 
library. In this assay, peptide beads are incubated with reccptor-allcaliae phosphatase 
complex The hbrary is then washed thoroughly and a standard substrate such as 
5-broino-4-chloro-3-mdoyl.phosphate (BCIP) is added to the bead library. Beads that 
t" u^^L?^^I. ^^«P'«^-«»=a^e phosphatase complex lura turquoise in color (Lam & 
Lebl, 1994). The color bead is then physically isolated under a dissecting microscope with the 
aid of a micropipette, transferred onto a glass filter and inserted into a cartridge for 
automatic microsequencing. In the last few years this colorimetnc method has been applied 
succ«sfijlly_ in the author's laboratory to- identify specific Ugaftds for vSous 
macromoiecular targets such as monoclonal antibodies (Lam ei aL 1991) Ivmohoma 
surface idiotypes (Lam « aL. 1995a). MHC dan I molecules (Smith et a! 1994) 
streptavidin (Lam tt aL, 1991; Lam & Ubl. 1992) and avidin (Lam & Ubl. 1992).' Besides 
on-bead binding assays as described above, the 'one-bead one^ompound' concept can 
also be applied to other on-bead functional assay systems as well as solution phase 
assay systems (see the section on screening strategies below). For a recent review on the 
one-bead one-compound' combinatorial librar>- method, see Lam &. Ubl fl996> and 
Lam fff a/. (1997). v/ 

Synthetic library method using affinity ehromatogropky seleetiQn 

In this method the peptide library is first synthesized in solid phase, usually by a 'split 
^thMis method to obtain an equimolar mbtture of random peptides. Hie tKaJides are 

i^lT^I ^ affinity chromatography to select for peptides S bind 

trawionated to obcam individual punfied peptide prior to microsequencinB- Non-SDedTic 

h7ehTg^"U"^^^^ K""h ^= «2adrd^re5oS 

10* ifih A^!V u <l^e«nt peptides in the library is W <ta 

microsequencmg. As an alternative to microsequencing individual Durificd ™^«t;r^,.. 
^I^Z'J^ "^rr ^^'""^ withom?^c,ioS tSe 

Jr^^.AT:Vo:^oTL^^^^ ""^'^ "^'"^ Sill b^^s.S 

^.th^i , • t ^ V <=on«P«. Zuckermann et al. (1992) applied the affinitv selecting 
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A* Non-peptlde OMgomoric UbrarJes 




B. Small Moleculs Trimeric Ubrarles 

linear 

(S>-^ ( ScafloJd 



S Various forms of asstrably of 
libraries; ' 



synthetic oligomeric anij sma}! molecule 



NoD-pephde oligomeric and smaU molecule wm^llgomeric Uhraries 

Withia two years after the publications bvT^m Pt„i l^oot-, j u 
the successful application oftwoSin^^hitvl ^ k dWl) on 
to identify ijnds froiJ hu^JSror^SSr S 1 0*^^^^ '^'r'^ '""'^ 
targets, there was an ^xaLio^ oF ti,.r,^„ ^ V ■'''^ ^^^"^ macromolecular 
particularly b the area of 00^™^,.^- ^^^^ on ,yntheuc eombinatorial cheniistry. 

(ReteelioandBrettfg, 1996?Kho.l^;^^^ ^596) and ketidi 

...... is that th. ar. r^S^^^^.TZ.-^r^I f^^^^^ 



Received Trom < RlghtFAX > at 11/10/01 7:59:01 PM [Eastern Standard Time] 



COMBlNATORiALCHEMlSTTtyiNCANCERRESEAKCH 155 

membruo^; caking them ideal c^S for ^HL?' ""^"^ 

active drugs used today have a mol ^Swcn t^n , h S'"!"'- ^"''^ ^« 

be Ideal for this molecular weirfS xT.?^ ° f ^ •rimeric library would 

subunits per coupling cydcv«I|gLrafc a Kh«™ f'^^'f ''"o^red 

Figure 5B illustra Jfour gTocrS S of ^''^^ ' ""^^l"*^ compound. 

solid phase:alin«rform t^oScSoUf J"^ Kb^^ i« 

used today rely on dcvcZml^tr ^^Ji^^l^^^^ 

functional subunits that r«dnv at^jaSfe /nlT chemistries for the coupling of 
molecule combinatoriallibraiy methods^™ '°T"™"y- ch^niistry of small 
1996) and I shall not attc^^f ^ d^ESH '^^^^ <^^"P^'>'^ ^ 

non-oligomeric libraries-include LrivS J 1^—^'^'^' ^^-'''^ ^^^'^^^ 

tetrahydroisoquin^hnS?>!SrS JZtSS i^'^'^'^-Py^'i-^ dikydro^Jd 
adds. 4.thiazolidinone, SidazS^ti^^tS^^Sl^nef thia«,lidine^rboxyUc 
benzopyranes. isoxazole, veiimkTcvcl^^o^ , T^^ P-lactams. tetrahydiofurans, 
predict that in the next L ^^m7nT^^^^'^ ^^'T'' ^'"''I^^ ' 

be developed (Friichtel & J^TlSK 1^^^!'°"^'^'/'^^ ^ ^^'^ P''"' '-i" 
:<pecincaUy deigned for i mol J.^ Swn^^'r'^r'^^^^ 
comnicreiaUy available: ^ combinatonal chemistry will also become 

OMIWM by azn«^ For teu,»r. Sk.=£r,^h 



Structure determination 



compound in IhelibrLisal^ffS J^^r '^^^ ^^"""^ '"^^^'^ the structure of each 
lead is not needed. HowcterT^J^ "'^'''^f d^tern^nation of the positive 

the chemical structure of comZnds i^ ^nd^v^ Tr*";*? """^^ 
individual positive bead has to belsoL^ for .7 ^ " ^'''^ 
automatic mictosequencing £ tl^t^Sntrt"^''''- P-P^'^'''b,^« 
technology enables dotation do^Ttri t^t of ' . '""''°<1 choice since current 
-100 pn,ol of peptide. f^<^Tcr^^:^l°U^\^£^\'^^-^ ^'^ «ntains 
non-pcp,fde oUgomers or small organic mok^JlSo^^^f f " ""^'''^ 
If the number of compounds id a TbranTrs^alToH? ^Ji^ alternative approaches, 
known (e-g. the beads of the last coupliJL Sri« JLT ^ ''^'^''^ «l>"ry is 
tnas, spectroscopy alone tnay be SSx 7^\^?^ i ^Srtsta^ during the screening). 

^ med a hnuied capping technique to partially cap each 

~ ^TOia HOIK AINil SUM 8T99 ir9 l-Ci XVJ ^S:{1T T0/0t,'80 
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laser d«o.irio. lonizSoT^^ («Ptid« by matrix-«33«t«l 

also be applied to "onpcptTdTo KSr^P^r^o^ 

analysing ihBStrucnire of the uT^Hnl^^l^ l ^" «l'duccd by 

stratesi.. These indude po ydeSyn^Slf '"'^ su«e«fully i„ the encodinj 
peptide (Kerr r993!NiSSS«r?993^^^^^^ 
a/.. 1993: NesUer*,a/., 1994). A ti iiT««o„i^^^^^^ 

incorporated into the bUds durinlme'Syrreri?.^^^ ''"'"^ Hgand 

are coupled iramsdiatcly aAer 5 k^^- i Porcyety coupling cyctc, tags 

resins. iS ,o«eca.e.t«^S S ata™ .V?^^^^^^^ ^'''^^ ^^^^^ of the 

the surface of the f^^ CSr/iaue„ "^T!? "^"^ t^-^" 

1996). The polydeoxynucleatlde t^rS; TS^r^lJ'T'^" 'f* ^^'^^ « 

followed by DNA sequencing- theTeDtid. Poly«ierase chain reaction 

nucrosequendngwithEdZ Srad^tion'^^^^^^ determined by automatic 

electron captni* gas clno^xo^S^S.^t ''*'°"°°^"«'tae can be determined by 
coding sysrJnt ai.d thc'STS J'/Z^j^^^ ^^"^-^.^e sequenti J 

tag is connected ,o the bead as a oHfomiT^^i tl ^""""'"'^ system the 
determines the sequence or stnxLre orrh- ^ '^.''i^''^'^'*™*"^ sequence 

polydeoxynucleoSe^gSSr//ai SV?'^' ^""^'P'* 
(KeneraL, lW3;NikoS^^. «M993^^^ tagging systems 

the-other-hand; do not rely on-dft «Snc. ofil. »^ '""^^ ceding sj-stem. on 

cleaved from a b«d rnriZ^dSZ./ ^ tP"^ '"^"'^'^ ^' are 

fa^on. allows one to tf^'u^^^SSSr^^S T Y "r"^ 

(i-e. residue 1, 2 or 3) of the t«tino ^^7'° the position of each subunit 

w^^. ^ ... u« . S„"^?:;^^<s„St 

i>y 8 mm diameter) or individual packages of beads. 

Screening strategies 

several new assay syUs ^SSM'S T- 

developed. The choloe of ossIvZ^^JT a f «»'"t'matonaJ chemistry have been 

cotnbinatorial library method o« dSdS to SfJi T'"'''"^ 

cal.gori*«J into: solid pba« aSsSy\ in f '''V can be 

solid support, or solution phase asTaTS JhK 

.hesoM.pport^orderto^.cita^KL^^^;„t^^^^^^^^ 
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^c^ouowxng discission applie. to both peptide and t.on-peptidc combiaatorial library 

Solid phase assay 

Xtxysrp%si:';i~ 

ceUuIose sheet (Frank. 1992) da^ nS^«/ ^oon ^' 'r^*^ ^ ^ 

Smhh, 1990). Tht ^m coidiZlWa^^^^^ f«J«nentot« phage (Scctt & 

selection ofthe positive teSr^^"^ " niioresceaoe..ctivated cell sorter i, used irTthe 
beenidentifled(P;Sn^rn«<^^^^^^^ 

^w'(e"g' uSa s'^Xl'^otS^^te^if^^^ t^ditionally arc performed in so.udon 
detecting yganl that a^fcorare^unlrH'".'^'' fu^on:^ assays have been developed for 

peptide sub«ryte 4is fS^i^t Jn kin^^^^^^ ""'«^'>'' «° Jd^'tify 

Incubated with fv-J^PlATp =n%r« 5"^?*- tws asjay a random peptide bead Ubiarv is 

ia^S:^?J: iS^^Sc"„'^rai^L''AT"^ """^^ ""^"^ ^^^^^ 

are exposed to an X-ray fL rh^^«,^Z,Ai ^Innne, the immobilized beads 

beads for microsfqi^odr^" v J^ ^ " "'"^ '° ^'"^^'^'^ i^^'"* *e 

SPOTS membrane libaiv for thf M^rr "l^^^^^'ogy ''^s also been applied lo the 
cAMP-dependeira^dSp-SeneidentS?^^^ of peptide substrate motif for 
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nuorescent quenching moleculeTa iTdS^ P'P"''* "^nd 

incubated v^ih specific p4"«l Ct^^^ T k"* "^^ '^''^^^ » "'-n 
motif will be c\c^;,^SthJllfX^l°l'^\^'''^. ">e appropriate sub^trarc 

the positive bead A S l/r>™ae^^^^^ '""""^ *° fluorescence of 

Solution phase assay 

rnJ!^ ? certainly b6 used io screen combinatorial libraries Bemuse d,e 

number of compounds or mixtures of compounds genemted by combinat",Sl ch^L 1! 
^.ormous. the current tr«d is to iniprove the efficiency of the high th^Si^t 
m.o.ah«2ing as well as automating these solution phase assays. iio^S a^SJ^ 
-^^^^ "-^ combinatorial lib^ry rthodTthTirn'S^ 
Most of the published literature on the "one-bead one^mpound' libraiv method u.,« 
Tr i r '^^r'^^ ^-y^ Howevet; a. indicated inStiaJ p^n^^f(,^ 

method. Sragle or double-orthogonal cleavable linkers (Lebl « 1994) canT 
mcoT,orated ,nto the preparation of die library so dial compounds can be wlealed fmm Z 
bead, for biological testing (Salmon ./oi. 1993. 1996; JajJLlcrem^ , gwf 

T^e choice of specific assay systems largely depends on the nature of the bio oric tareet 
and the type of combinatorial library ^lethod one use^ An additional factor SdS^flS 

^cholabeled hgatidi. In general, solid phase binding assays, when compared wi h sohition 
phase assays, are much more elHcient. However, purified tL^ct. are often reqS ?orS 
foi^ b'^ding assayi Sometimes it is advantageous to combine both^lid phai and 
soluucn phase as^ys dunng the screen. For example in the 'one-bead one-c^™d^ 
hbrary method, beads that are positive in the .olid phase «say (e-g. e™Sed 

confirmation of bio ogical artivitj. In diis way, the screening process become^S^o^ 
efficient and the positive leads isolated are more likely to be tri« positivT 

Cancer targets 

Wo&*'„?rr'''!,^"° ^'"^ " ^» technological advances of molecular 
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S^Si T C^r^'il'y. numerous potential cancer targets have 

been Identified and can be readily cloned, expressed and obtained in purified fonniTOenetic 
ma«.pulaaon enables on. to develop new cdl lin« and therefor e new Lay ^ ie^ for^? 
Z"Z^'^"'",^t'"'^ en traditipcal drug discovery methods for .h«e Ji'y t^S=« S 
be ver, difficuJ However; the advent of combinatorial library niethods in tl« lasffewVe^ 
may greatly facilitate such endeavors. i^^^as m mc lasi lew years 

A commonly asked question is: 'Which combinatorial library method is better^'There is 
no ample answer to this (juestion as each of the methods described above has its advantages 
and disadvantapfs. One should tailor a method to a specific pnyecL Before choosini a 
specific combinatonal library method or a specific assay system one needs to fi«t consider 
he kind of drug one wanu to develop. Should it be a small molecule or should it be a slightly 
miger moJecuIe? Is parenteral administration acceptable? As indicated earliei; this is often 
the case for anti-cancer drugs. Is the cancer target intracellular or extracenularl What axe the 
chances that a small molecule will be effective for that target? In my opinion, a small 
molecule con,binator,al library method is the method of choice for intracellular targets 

because drug leads Ascovered from a srnaIlinnlr^iil..liKM i, k-..„_v-_„ .<- 

bemg able to penetrate cell membranes A small molecule library is also ideal for the 
devdopment of enzyme inhibitors since enzyme active sites are often relatively small a„d 
there IS a good chance that potent inhibitors can be discovered from such a library For 
extracellular tareets or receptors that normally bind to a larger ligand (eg cytokines 
iDSuhn), a small molecule drug of mol. wt 500 may not be able to bind to the receptor with 
sufficem afTimty to be clinically useful. In this case a peptide library, an oUgomeric 
non-pepude library or a non^tide library with a latge scaffold may be preferable TTiese 
drugs may be administered parenterally. As for the development of tumor vaccine, a peptide 
or glycopeptide hbrary mstead of a small moleoile library would be the method of choifti 
inasmuch as a small molecule drug is preferable for intisiccUular targets, peptide libraries 
are sometunes vcor useful for the development of a drug lead. Based on the information 
from Oie peptide lead, one may then design pcptidomimetic libraries to further optimize that 
lead. This strategy is probably useful for the development of inhibitors for enzymw such as 
protein kinases and proteasEs that catalyze peptide substrates. For example; rather than 
dimnly screening a random small molecule library for p60™ protein tyrosine kinase, the 
substraieinotxfsof thisenzymecan be determined using a random peptide library app^ach 

i^!ldn ' l^ v^' '^'^ V' ^''''^ °° P^P^"^*^ "-"tif. <^"^ '^^ then desigi 

peptidommeuc hbrar.es screen for p60--c fTK inhibitory activiliei With this strate^ 

'^'^I'^P^'"' inhibitors against the peptide substrate pocket rathTr 
S Su^JJr^iS'"^ ^ """"^ '^'"''^ inhibitors can be developed 

. With the availability of numerous cancer targets, many researchers have focused their 
tZ»iA ."F'^T t compounds against spcdfic targets Howcvei; one 

T ^^V^f "^^f «^Pt for antimeL>oJi.es. curinfly 

used m the chmc today were discovered by ccll-bascd cytotoxicity assay without any specific 
cancer target m mind. Currently the National Cancer Institute is^nd^c ing iH". 
^«nmg wtth several dilTe^nt kinds of human cancer cell lines (including man^ 
sohd-tumor j.nes) for the development of new anticancer agents as well as profiling of 
known anu-cancer drugs (Boyd & PauU. 1995). Very little work has been done in this 
area using combinatorial library approaches. Recent application of the 'one-bead 
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ODc-corapound' combinaiorial library method in random screening for anti-cancer activity 
using a cdl base cytotoxicity assay (Salmon et al, 1996) will be given below. 



Selected examples of applications in the cancer field 

Although there arc several reports on the application of combinatorial library tnethgds in 
basic cancer research, there h^ve been very few reports in the litcramrc on using 
combinaicriel library methods in cancer drug development. However, I anticipate that in the 
next few years there will be more publications on this subject aa more cancer r escan:hers are 
now using thjs technology. Targeting the signaling pathway has been considered by many 
investigators as a fruitful area in canoer drug development Protein tyrosine kinases (PTKs), 
being main players in the signal transduction pathway, have therefore drawn enormous 
attention (Burke, 1994; Powis & Wbryman, 1994; Leviizld & Gazit, 1995). Additional 
components of the signaling pathway that are of interest are the SH3 and SHj domains, both 
of which are potential cancer targets. In the last four years several laboratories have reported 
on the application of corabinatorial Lbrary methods to define the peptide binding inotife for 
SHj and SH2 domaing of several signaling proteins, and the substrate motif for the catalytic 
domain of PTKs. It is believed that, with the information obtained from these studies, one 
could design peptidomimetic drugs that can bind to these targets. Although there hA? been 
very little published work on screening small inoleci^le combinatorial libraries for these 
cancer targets, many researchers are undoubtedly exploring that opiiun in their laboratories 
at this time. 



5if3 domains 

Two completely different combinatorial library methods have been used to elucidate the 
binding motifi for various SHj domains. Using the 'one-bead one-compound' library 
method, Yu et ai. (1994) tagged the SHj domain of phosphatidylinositoI-3-ldnasB (PI3 
kinase) or p60'^*" PTK with a fluorescent probe and screened a semi^randotn peptide bead 
library XXXPPXPXX (wherein X =^ all 20 eulcaryotic amino acids except cysteine), and 
isolated two classes of peptide motifs for each of the SHj domains. The binding afTmity of 
several of the isolated ligands are between 9 and 70 iiM. Some of these ligands exhibit 
selectivity towards oae over the other SHj domain. For example, the PT3 kinase SH3 domain 
ligand, RKLPPRPSK, binds to the PI3 kinase and Src SH3 domains with a Kj^ of 9, 1 and 52 
|iM respectively. More recently^ the sanne group (Combs et al\ 1996) reported the discovery 
of peptide ligands with non-peptidic dements that bind to Src SH3 domains, by screening a 
XYZ— PLPPLP library (wherein X, Y and Z are non-peptide components). The best 
ligands isolated in this screen had a of 3.4 hm, 

Cheadle etal (1994) and Spaiks et al (1994). on the other hand, applied the filamentous 
phage displayed combinatorial peptide libmry method to screen for SHj binding motifsL In 
these experiments, the GST-SH3 domain fusion protein was first iramobllUed on plastic and 
was then used to pan a filamentous phage displayed peptide library solution. Phages 
displaying proline-rich sequences were isolated. Sparks et al (1994) also constructed a 
secondary phage library displaying the peptide X^PXXPXg. used it to identify ligands f r 
eight different SH3 domains and demonstrated that various SH3 domains were able to 
discern subtle dififerences in the primary structure of the ligands. 
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SB2 domains 

Songyang et af. (1993) applied an affinity chromatography selection method to screen a 
synthetic combinatorial library. The semi-random peptide library, GDGPYXXXS (wherein 
X = all 20 eukaiyotic amino acids except Trp and Cys), was synihcsiicd using a *split 
syntheiis' approach. The completed libraT7 was then cleaved off the resin, precipitaied with 
diethyl ether and applied on an afTinicy column of GST-SH2 domain fusion proteins that 
had been immobilized on glulalhionc-agarosc beads. The bound peptides were then eluted 
by 20 inM sodium phenylphosphate and microsequenccd collectively without further 
purification. In this study the predominant motif identified for the one group of SH^ 
domains (Src, Fyn, Lck, Fgr, Abl. Crt, and NclC) was p Y-hydrophilio-hydrophilic-I/P while 
another group of SH2 domains (p85, phospholipase C-y and SHPTP2) was 
pY-hydrophobio-X-hydrophobic. Interestingl>^ the Src subfamily (Src, Fyn, Lck and Fgr) 
appears to prefer pYEEI. The affinity column selection approach appears to work well for 
peptide libraries as reported above; However, it is doubtful whether this approach can be 
applied to small organic libraries or oligomeric non-peptide libraries since structure 
detenniaation of a mixturc^of these compounds would be almost impossible with the 
currently available methods. 

Protein tyrosine kinase catalytic domain 

Songyang et al (1995) extended their affinity chromatography selection approach to 
discover peptide subsiraie motifs for various PTKs. In this method a semi-random peptide 
library, MAXXXYXXXXAKKKK (wherein, X - all 20 eukaiyotic amino acids except Cys, 
Trp, TV''. Ser and Thr), was synthesized, cleaved off the rtsin. ether precipitated and 
dissolved in buffer prior to mixing with ATP and PTK. TLc phosphoiylated peptide 
solution was then applied to a ferric chelating columm and the phosphorylatcd peptide 
solution clutcd and microsequenoed collectively. Many of the peptides isolated had a strong 
preference for glutamic acids. F6r example, the predominant peptide motif for p60''*"^ PTK 
was EEIYGEFE A totally different approach was used in the author's laboratory to identify 
peptide substrates for p60°^*™ PTK (Lam et o?., 1995c). Tn this approach a random peptide 
bead library was mixed with [-y^^PJATP and pfiO*^ PTK. The ^^P-labcled peptide beads 
were then isolated for microsequencing (sec Solid phase assay— functional assay). With this 
approach a discrttc peptide. YIYGSFK (instead of a whole collection of peptides as in the 
case described by Songyang et al), was identified as an efficient substrate for p60*""^ PTK. 
Based on SAR studies, lY was then determined as an important motif, and a secondary 
library, XJYXXXX (wherein X = all 19 amino acids except Cys), was synthesized and 
screened as above A new substrate, GIYWRHY. with a lower Km value (-20 \M) was then 
isolated (Lou et a/., 1996). Pseudosubstrate-ba&ed peptide inhibitors developed from the 
GIYWHH template were designed with an /C30 value in the low micromolar range. These 
pseudo-substrate peptide inhibitors arehighiy specific (even within the Src-family PTK) and 
are excellent leads for developing peptidomimetic inhibitors for p60^**'* PTK. Work is 
currently underway in the author's laboratory to screen small-molecule peptido mimetic 
libraries for peO^**** PTK substrates as well as inhibitors. 

Random screening of the celi^based cytotoxic assay 

Thus far, there have been few reports on applying combinatorial library methods to screen 
for ceU-based cytotoxicity against intact tumor cclk Recendy, an in situ relcasable solution 
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phase assay to discover novel anti-cancer compounds has been rtiportcd (Salmon et al., 
1996). In this assay ihc compound bead libraries (whether peptides or small molecules) were 
synthesized on beads via cicavable linkersL The bead library vvas then mixed with a tumor cell 
line in 0.5% soft agar wirh tissue culture in a small Petri dish incubated at 37*C. Under 
neutral conditJons. the *diketopipcra2inc linker' is cleaved and the compound is released 
from the solid support and diffused outward from a bead. Some 24-48 h later 
3-(4,5-dimethytthiazol-2-yll-2»5-diphenyltetrazoliura bromide (MTT) was added. In the 
presence of MTT, live cells turn purple, due to the accumulation of formaion, while dead 
cells remain coloriess. As a result, a clear zone of inhibition occurs around compound beads 
wixh antl-canccr activity. The positive beads were then isolated for structure determination. 
With this approach, sraaD tri- and ictrapcplidc3 with unnatural amino acids and a 
non-peptide small molecule with anti-tumor activities were isolated (Salmon et ai, 199S), 



Pmpectives 

Combinatorial library methods have been considered as one of the most important recent 
advances in medidnaJ chemistry and are currently being exploited by the pharmaceutical 
induitry in the drug discovery eObrt. The field has advanced rapidly over the pajt five yean 
Efficient coupling chemistry on solid phase suppon and high throughpu t screening methods 
are being developed. Journals dedicated to thi* area have been started (e.g. Molecular 
Diversity), Publications in this field appear in virtually ^very issue of Tctrali^dron Utters, 
Journal 6f M^icim Chemistry, Journal of the American Chemical Society and Journal of 
OrPanid ChetmMry, Over-1 000 aridcs en-this area have been pubiished la the last 6 years. 
Many new start-up companies in this area have emerged- In a matter of 6 year^ promising 
drug leads have already been developed fiom using combinatorial library methods and 
several are currently in preclinical studies; it is anticipated that some of these leads will enter 
clinical triab m the very near future. In conjunction with the advent of Qomputational 
chemistry and molecular modeling lechfliques, combinatorial chemistry can now be applied 
to die various new drug tarsets developed from our recent understanding of the molecular 
basis Qf cancer. The future of drug development for anti-cancer agents is bright and it is 
hopeful that more potent, more specific and less toxic agents will be developed in the 
foreseeable future. Lastly. I would like to emphasize that combinatorial chemistry, in 
addition to being a great tool for drug discovery, is also invaluable m basic research, which 
undoubtedly will provide a breakthrough in the understanding of cancer and in turn will 
facilitate the development of useful drugs for treating cancer patients 
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